BACKGROUND: Diagnosis of occupational asthma (OA) by specific inhalation challenge (SIC) can be costly and is not always available. The use of sputum testing to avoid this in some patients may be a more cost-effective alternative. OBJECTIVES: To compare the cost-effectiveness of SIC with serial measurements of sputum cell counts (sputum testing) and peak expiratory flow (PEF) monitoring. METHODS: Clinical data and testing costs for OA in 49 patients were collected during a previously published trial, modelled and compared using TreeAge Pro. Clinical outcome was the percentage of accurately diagnosed patients, using SIC as the gold standard. The PEF approach used the most accurate assessment of five experts who were blinded to SIC results. Differences in the proportion of eosinophils during periods on and off work were used for the sputum testing approach and in PEF/sputum for the combined approach. Unit costs were estimated from charges in Canadian hospitals. Data were analyzed by one-way and two-way analyses, and by probabilistic sensitivity analysis using a Monte Carlo simulation technique. RESULTS: The PEF approach had an estimated accuracy of 52% and cost $365 per patient tested. Compared with PEF monitoring, sputum testing was more accurate and cost an estimated $255 for each additional OA patient correctly diagnosed. SIC costs per additional correct diagnosis were $11,032 compared with sputum testing and $6,458 compared with PEF monitoring. The combined PEF/sputum testing approach was not cost-effective in the base case analysis, but cannot be excluded according to probabilistic sensitivity analyses. CONCLUSIONS: Although SIC remains the reference test to diagnose OA, when this test is not available, sputum testing is a costeffective alternative to PEF for diagnosis of OA.
Le coût-efficacité de diverses approches diagnostiques de l'asthme professionnel A sthma is a common health problem in Canada, with important morbidity and economic consequences. Occupational asthma (OA) has been estimated to represent approximately 15% of the burden of disease of adult asthma (1), but one Canadian study (2) suggested that it is responsible for as much as 36% of adult-onset asthma. In Quebec, the mean cost for a patient with OA was approximately $50,000 per patient in disability payments, as well as technical and medical costs (recent data from Quebec Workers' compensation board). In the United States, OA was estimated to cost between US$1.1 and US$2.1 billion in 1996 (3). Long-term consequences on health and socioeconomic status are also major: a Swedish study (4) of OA claims found that four to six years after a claim for OA was made, 74% had changed their working conditions, of whom 19% had retired early and 15% were unemployed.
The diagnosis of OA may be difficult to establish. Despite the potential for false positive and false negative responses (5), specific inhalation challenge (SIC) is regarded as the current 'gold standard' in Quebec for diagnosing OA (6), but these tests are expensive, time consuming and require specialized equipment. SIC tests are available only in a few centres worldwide. An alternative diagnostic method is the performance of serial peak expiratory flow (PEF) monitoring during periods at work and away from work. However, serial PEFs do not have high sensitivity and specificity, and may be associated with low compliance, potential falsification of results and underestimation of changes in airway calibre (7) .
Testing for changes in sputum eosinophil counts may be a cost-effective alternative of OA diagnosis. Sputum eosinophils increase during periods at work and decrease after periods away from work in subjects with OA, whereas no such changes are seen in asthmatic subjects without OA (8) . Using a difference of greater than 1% increase in sputum eosinophils when at work, the addition of sputum cell counts to the monitoring of PEF increased the specificity of this test by 18%, and using a difference of greater than 2%, the accuracy was increased by 26.8%. Similarly, sensitivity increased by 8.2% (based on the greater than 1% increase cut-off in sputum eosinophils) or decreased by 12.3% (greater than 2% increase) (9) .
Although the efficacy of the different methods for diagnosis of OA has been examined, we have found no studies assessing the comparative cost-effectiveness of the different diagnostic approaches. Therefore, using modelling techniques, the aim of the present study was to evaluate the cost-effectiveness of different approaches to assessing suspected OA in patients presenting with symptoms of asthma.
METHODS

Data collection
The data for diagnostic accuracy and costs were drawn from a previously published clinical trial (9) , which compared the diagnostic accuracy of PEF and sputum testing with SIC. The methodology and results of this trial have been reported previously (9) , and are briefly summarized below.
Forty-nine subjects 18 years of age or older, who were referred for possible OA, were recruited over a period of three years (2000 to 2002) in four Canadian centres specializing in OA (Sacré-Coeur Hospital, Montreal; Laval Hospital, Sainte-Foy; Toronto Western Hospital, Toronto; and St Joseph's Hospital, Hamilton). Most of the subjects were from the Quebec centres, and the patient sample represents roughly 50% of the initially recruited subjects. Indeed, 45 subjects were excluded because of nonproduction of sputum (n=7), inability to complete one of two periods at work and away from work (n=18), inability to perform SIC (n=9), occurrence of an exacerbation of their asthma related to other allergenic exposures or change in asthma medication during the investigation (n=7), or protocol violation (n=4).
Using a cross-over design with periods of two weeks at work and two weeks away from work, tests were repeated in all subjects. The clinical outcome of interest was the proportion of subjects correctly diagnosed (either true positive or true negative) according to SIC. Diagnosis for the SIC approach was conducted as previously described (10) . Sputum testing relied on eosinophil counts in sputum samples induced within 48 h of the end of each of the two two-week periods. Sputum was induced and processed as previously described (11, 12) .
Comparison of different diagnostic strategies
Four approaches for the assessment of suspected OA in patients presenting with symptoms of asthma were compared:
• Sputum testing: Sputum cell count analysis was performed after a two-week period at work and away from work. Patients with a difference in sputum eosinophil percentages greater than 1% between the periods at work and away from work were assumed to be positive for OA.
• PEF approach: PEF monitoring was performed during a two-week period at work and away from work. Five different experts visually blinded to SIC results analyzed the PEF graphs: the most accurate of the expert readings for OA diagnosis (compared with SIC) was used for the base case analysis (expert reader).
• SIC: SIC was considered the gold standard to identify true positives and negatives.
• Combined sputum cell count analysis and PEF monitoring:
Results of the two tests were combined. When the diagnoses disagreed, the result was assumed to be inconclusive, and if missing in one test, the diagnosis was assumed to be that determined by the other test.
Assessment of costs
The costs included were those borne by the insurance program for diagnosis. Compensation and retraining costs were not included, nor were patient costs for transport and over-thecounter medications.
As a base case, the costs of diagnosis were estimated by multiplying the resource used by the prices per unit of resource. Diagnostic-testing resources, costs to administer the tests in the hospital and/or in the workplace setting, plus physician fees were included. Prices were based on per patient charges to the Quebec insurance program. Estimates and ranges for relevant unit cost variables are summarized in Table 1 .
For the estimated per patient cost of the SIC approach, the total number of testing days for SIC observed for each subject was used, attributing a specific cost to each of control days, days monitored at work and testing in the hospital. Included in the SIC costs were costs for two PC 20 tests (ie, the provocative concentration of methacholine causing a 20% decrease in forced expiratory volume in 1 s). Cost parameters used in the analysis for SIC testing are found in Table 1 . PEF was estimated to cost $365 per patient and sputum testing $418 per patient (2 × $209 per sputum test).
As a secondary cost analysis, charges from Yale New Haven Hospital, Connecticut, were used for most tests to estimate the American costs in US$ (Table 1) .
Analyses A decision analysis model comparing the approaches was constructed using TreeAge Pro 2004 Suite, version 6 (TreeAge Software Inc, USA) ( Figure 1) . A modified per protocol approach was used: if the diagnosis was missing for a particular test, OA was considered unidentified in that subject.
Assumptions based on patient-specific trial data were the probabilities that a patient would be diagnosed as positive, negative or uncertain by any given test. Parameters for variables to populate the model (means and 95% CIs) were generated from patient-specific clinical trial data using the statistical package SPSS version 10 (SPSS Inc, USA).
Cost-effectiveness of occupational asthma diagnosis
Cost per patient tested (in Canadian and US dollars), effect (the proportion of tested patients with a correct diagnosis), incremental cost (the difference in cost per tested patient between two approaches), incremental effect (the difference in effect between two approaches) and incremental cost-effectiveness ratio (ICER) were calculated (13) . When comparing two strategies, the ICER is the ratio of the incremental cost over the incremental effect (14) , and in the present study, it represents the additional cost of each correctly diagnosed subject when two approaches are compared. Cost and efficacy were plotted for each strategy.
Sensitivity analyses were conducted on all clinical and cost variables by one-way analysis, varying the point estimates of the probabilities over their 95% CIs and the cost estimates over the range. Table 2 summarizes the results of the diagnostic accuracy. As a secondary analysis, patients with a difference in sputum eosinophil percentage greater than 2% between the periods at work and away from work were assumed to be positive for OA. The robustness of the results by two-way analysis was also explored. In addition, a probabilistic sensitivity analysis was conducted using a Monte Carlo simulation technique (15) , in which the point estimates of the assumptions are varied randomly according to the distributions of the patient data to generate 95% CIs for ICERs illustrating differences between pairs of approaches.
Role of the funding source
The sponsor of the present study had no role in the study design, data collection, analysis and interpretation of the results, nor in the writing of the report.
RESULTS
Cost-effectiveness
The cost-effectiveness of the four diagnostic approaches were examined using Canadian costs (Table 3, Figure 2 ). The least costly and least accurate was the PEF approach. More costly and more accurate was the sputum approach ($53 more than PEF), accurately diagnosing 20.8% more OA patients than PEF. The SIC approach, the gold standard with an assumed 100% accuracy, was much more expensive ($3,047 more than sputum and $3,100 more than PEF), but correctly diagnosed 27.7% more OA patients than sputum and 48.4% more than PEF. The combined PEF/sputum approach was not cost-effective, being less effective than sputum testing alone. These results are reflected in the ICER. Specifically, compared with PEF, sputum testing cost an estimated $255 for each additional OA patient correctly diagnosed, and SIC cost $6,458. Compared with sputum testing, SIC cost an additional $11,013.
Using American cost estimates, the sputum testing approach cost an estimated US$580 per patient more than the PEF approach; the SIC approach cost an estimated US$6,619 more per patient than PEF, and US$6,039 more than sputum. Sputum testing cost an additional US$2,795 more than PEF for each additional correctly diagnosed OA patient, and SIC an additional US$21,825 more than sputum. Figure 1 ) Decision analysis tree model comparing three approaches to diagnose occupational asthma (OA). '#' represents the complement of the sum of the other branches from the same node; PEF Serial peak expiratory flow rate monitoring; pP Probability to be positive; pTN Probability to be truly negative; pTP Probability to be truly positive; SIC Specific inhalation challenge; Sputum Sputum-induced testing
The robustness of the results was confirmed by one-way and two-way sensitivity analyses of probability and cost variables in the base case analysis (using Canadian costs). Varying the cutoff point of the difference in eosinophil levels during the at-work and off-work periods from 1% (base case) to 2% (alternative efficacy scenario) did not change the conclusions, because the diagnostic accuracy of sputum testing and the combined sputum/PEF testing are decreased for the 2% cut-off point.
The robustness of the results using probability sensitivity analysis is shown in Table 4 . The ICERs are large due to the relatively wide distributions for the estimated accuracy of the testing approaches, and neither of the ICERs comparing the combined sputum/PEF approaches to the sputum and the PEF approaches are statistically significant. Therefore, even if the approach combining sputum testing with PEF is not among the approaches found to be cost-effective in the base case analysis, the probabilistic sensitivity analysis shows this conclusion to fail the test of statistical significance.
DISCUSSION
The present study showed that sputum testing is a cost-effective alternative for PEF given its greater accuracy and reasonable cost. Because the efficacy outcome of interest in this evaluation was the accurate identification of patients with OA as determined by SIC, when PEF and sputum testing were combined, the accuracy was reduced because of the relatively high proportion of uncertain and missing values in the PEF group.
This was not an exhaustive study of the cost-effectiveness of all possible approaches to diagnose OA. We did not include immunological testing, because many subjects would not have been able to be tested using this method. Methacholine challenge alone proved less accurate than PEF in preliminary analyses, and combining PEF and methacholine challenge was less accurate than PEF alone, mainly because there was a large proportion of uncertain data resulting from disagreement between the two test results.
The selection of subjects in the present analysis may limit the ability to generalize the results of the study. Individuals wishing to claim insurance compensation in Quebec based on a diagnosis of OA are required to undergo SIC testing, and only subjects agreeing to the additional investigations of PEF and sputum testing qualified for the study. A high proportion of Ontario patients with suspected OA do not undergo SIC, and approximately 50% of initially recruited Quebec subjects failed to complete the protocol, mainly because they did not want to complete the PEF and sputum testing. The enrolment of subjects taking inhaled corticosteroids and long-acting beta 2 -agonists may have minimized the changes observed in sputum and PEF monitoring between periods at work and away from work. However, we believe that the subjects enrolled in the present study are an accurate representation of the patients seen in clinical practice. Indeed, the majority of subjects who are taking these medications cannot be weaned without impairing their asthma control.
Accuracy of the PEF and sputum tests is a function of the use of SIC as the gold standard. SIC results could have been falsely negative (5), but even if some of the subjects were incorrectly diagnosed, the results are still robust to a large variation in the estimates of clinical variables.
Charges were used instead of costs measured by time and motion study. We did, however, investigate the estimated cost of sputum testing by recording the detailed costs and time over a period of one month for these tests, and found the models to reasonably approximate the charge. Extensive sensitivity analyses using wide ranges for cost parameters also compensate for this limitation. Additionally, because the point of view of this analysis was the third-party insurance payer of the tests, the charges are the costs actually paid by the third party.
The conclusions of the present study are similar whether American or Quebec costs are used. The main differences reflect the differences in the cost structures of the approaches in the two jurisdictions. For example, the larger incremental cost of sputum compared with PEF testing was a function of the comparatively lower cost of PEF in the United States, in which only the cost of the meter is included. The higher incremental cost of SIC compared with both PEF and sputum was associated with the higher cost of testing in hospital centres in the United States, reflecting the generally higher hospital costs in the United States compared with Canada (16, 17) .
We did not include other costs borne by the patients or by the insurance payer such as hotel and travel incurred for diagnostic testing. However, these costs would likely have not affected the order of the conclusions, because these costs were lowest in the case of PEF testing and highest when the subject had to attend the hospital centre for testing by SIC. We used Quebec costs for this analysis, and not all costs were uniform from province to province.
We also did not explore the impact of incorrect diagnosis of OA from a societal point of view, because it was beyond the scope of the study. However, even using the conservative $50,000 per Quebec patient, an estimated cost for testing, retraining and compensation, the cost to society for accurate testing was comparatively low. Accurate diagnosis avoids unnecessarily keeping patients with OA in a work environment in which their disease may be aggravated or their quality of life and productivity reduced, and also avoids unnecessary retraining of individuals without OA, with the associated personal and financial upheaval.
SICs are only available in a few settings worldwide. For example, in Ontario, only 18% of the workers compensated for OA between 1984 and 1988 underwent a SIC (18) . In the settings where PEF is the only currently available diagnostic method, change to sputum testing should certainly be considered.
CONCLUSION
Although SIC remains the reference test to diagnose OA, when this test is not available, sputum testing to diagnose OA is a more cost-effective alternative to the tests currently available. Indeed, compared with PEF, sputum testing correctly diagnoses more patients with OA, although it is somewhat more costly. Additional studies with larger sample sizes are needed to evaluate the cost-effectiveness of combined sputum/PEF testing compared with the approaches studied.
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